Abstract-This paper presents one of the latest nature-inspired meta-heuristics algorithms, namely Cuckoo Search (CS) algorithm to solve economic dispatch (ED) problems in power system. In order to obtain as close as to practical system, the effect of valve-loading effects together with the other constraints such as ramp rate limits, prohibited operating zones as well as generators operating limits have been taken into consideration in solving the most complex optimization problem. To show the effectiveness of proposed CS in solving ED problem, two test systems are utilized: TAIPOWER 40-units and 15-units systems and then the performance of proposed CS will be compared to the other recent techniques.
I. INTRODUCTION
Economic dispatch (ED) in power system is the scheduling of the real power generation from the thermal power generators to meet the demand at the optimal operating costs while satisfying all the systems' requirements and constraints. Since the nonlinear nature of modern generating units' input-output characteristics and other constraints, the topic of ED problem is still becoming the main research interest in order to find for the better solution.
To date, nature-inspired meta-heuristic techniques become one of a popular choice to solve ED. Particle Swarm Optimization (PSO) is one of the techniques that has been applied in solving ED [1] . There are several variations of improvements of PSO that have been implemented to solve ED such as multi-agent based hybrid PSO (HMAPSO) [2] , self-organizing hierarchical PSO [3] , modified quantumbehaved PSO [4] and hybrid differential evolution-PSO [5] . Other than that, evolutionary programming (EP) [6] , modified group search optimizer [7] , cultural self-organizing migrating strategy (CSOMA) [8] , firefly algorithm (FA) [9] and differential search (DS) algorithm [10] also have been tried to solve ED.
In this paper, the recent developed algorithm, viz. Cuckoo Search (CS) algorithm [11] has been applied in solving ED problems. Even though the similar approach has been proposed in [12] , the different setting of the CS's parameter provides a better solution of ED problems.
The rest of this paper is organized as follows: Section 2 discusses the problem formulation of ED while the brief description of CS algorithm is presented in Section 3. It is followed by CS implementation in solving ED in Section 4. Section 5 presents the simulation results and discussion. Finally, Section 6 states the conclusion of the research.
II. ECONOMIC DISPATCH PROBLEMS
The objective function of ED is to find the minimum cost of thermal power generation which normally expressed as polynomials function, as follows:
where P Gi is the real power generation of generator i for dispatched hour, F i (P Gi ) is the fuel cost function of generator i, and a i , b i and c i are the coefficients of the fuel cost function for generator i. In order to make the operation of the generators close to the practical problem, the valve-points effect which introduces ripples in the heat-rate curve has been taken into account. Hence, the (1) is modified as follows:
where e i and f i are constants of the unit with valve-point effects. This effect is shown in Fig.1 . The cost function in (2) is subject to the following constraints:
A. Power balanced constraints
The total power output produced by each generator must be equal to the load demands and the system losses, which is expressed as follows:
where n is a number of generators in the system, P Demand is the total real power demand and P Loss is the system losses in the network. The system losses are determined by using Bcoefficient method [13] which can be expressed as follows: 
B. Prohibited operating zones
The prohibited operating zones are the region of power output of generator which causes undue vibration of the turbine shaft bearing when opening and closing the steam valve [14] . The best way to overcome this problem is by avoiding the operation in these prohibited areas. The feasible operating zones of a generator are described in equation (8) as follow [15] :
where PZ i is a prohibited operating zones.
C. Ramp rate limits
In this paper, the impact of the restriction of ramp rate limits [14] into the operating range is also taken into account which can be expressed in term of inequality constraints as follow:
if generation is decreases (7) where P Gi o is the previous power generation of unit i. DR i and UR i and the down-ramp and up-ramp limits in MW/h of the i-th generator, respectively. Therefore, the generator operation constraints with the ramp rate limit can be expressed as:
CS is one of the recent nature-inspired meta-heuristics techniques proposed by [11] in 2009. The parasitic behavior of Cuckoo birds in reproduction strategy has been used as a basic idea in this algorithm. The implementation with Levy flight behavior in CS algorithm make this algorithm superior compared to other swarm intelligence techniques such as PSO, GA and others [11] .
The structure of CS consists of two main operations viz. a) a direct search based on Levy flights, b) a random search based on the probability for a host bird to discover an alien egg in its nest. In this algorithm, each nest represents a solution and a population of nest is utilized to search the best solution of the optimization problem. The steps of the proposed CS are as follows:
A. Initialization
Similar with other meta-heuristics algorithms, the initialization process includes a set of population, X in random as following:
.,N and j=1,2..,,D (9) where N, D and U are the population size, the dimension of variables to be optimized and uniform distribution, respectively.
B. Generation of new solution via Levy flights
The new candidate for solution is calculated based on the previous best nest using Levy flights. In this algorithm, the optimal path is obtained as follows [12] :
where α > 0 is the updated step size and randn 1 is a normal distributed stochastic number. ΔX i,new is obtained from the expression below:
where randn 2 and randn 3 are two normally distributed stochastic variables. σ x (β) and σ y (β) are standard deviation expressed as follow:
where β is the distribution factor and Γ(.) is the gamma distribution function.
C. Discovery of alien egg and perform randomization
In this stage, the action of alien egg discovery in a nest of a host bird with the probability of p a will create a new solution similar to the Levy flight, as shown in the following expression:
where K is the updated coefficient determined based on the probability of a host bird to discover an alien egg in its nest, as follows:
The increment of ΔX i,disc as shown in the following expression: (16) where rand() is the distributed random number between [0,1], randp 1 and randp 2 are the random perturbation for position of nests in Xbest i .
IV. CS FOR ED PROBLEMS
Firstly, a set of candidate for solution, X pop,ng is initialized. This comprises of the number of generations of the system that will be optimized which resulted a minimum cost by fulfilling all the constraints. The population variables of the optimal ED are expressed as follows:
where pop is the number of population and n g is the number of generator plant in the system. Eq. (2) was applied in the performance evaluation of the ED problem until the optimum cost is achieved. For inequality constraints, similar to any other techniques, when the solutions obtained for any iteration are out of boundaries, CS algorithm chooses the boundaries values, while for equality constraint, when it is violated, the penalty factor, PF is implemented and embedded in the cost function, as follows:
The algorithm will continue until the maximum iteration is met and the optimum result is obtained.
V. RESULTS AND DISCUSSION
For the ED problem involving the valve-point effects, TAIPOWER 40-units system has been utilized while for the ED problem with practical constraints, the well-known 15-units system is used.
A. TAIPOWER 40-units generator
This test system comprises 40 generating units with nonconvex fuel cost function involving valve loading effects. The load demand for this test system is 10500 MW. CS for ED has been executed for thirty times with various initialization of starting points. Fig. 2 shows the results obtained using CS for thirty free runs. From this figure, it can be seen that the worst result occurs only once. From here, it can be said that the results are stable and reliable that can be used in solving ED problem.
The comparison with other recent techniques has been done and tabulated in Table I . It can be seen that the results obtained by CS is slightly better compared to [5] and the best among others. In order to show the effectiveness of proposed CS, the similar CS technique which has been presented in [12] also is included in this table. Even though the similar approach is used, the different selection of population size, pa and maximum iteration gave the different results. For this paper, the population size is set to 40, pa is set to 0.35 and the maximum iteration s set to 50 000. Larger iteration is needed in order to produce good results as compared to [12] . B. 15-units generator For this test system, all the practical constraints that have been discussed previously are included in order to determine the optimal output of each generator. The load demand for this system is 2630 MW. The characteristic of this system can be obtained in [11] . Table II shows the performance of CS compared to other recent techniques in term of best, average and worst results. From this table, it was clearly seen that the proposed CS offers the best results so far compared to others.
Details performance of proposed CS compared to DS and FA is tabulated in Table III where the power generated for each generator units meet the generation limits and operated in the operating zones as compared to the data in Table IV . Again, it is clearly shows that the proposed CS outperformed of the others in term of optimal generation cost obtained. 
